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The implementation of a low-latency optical packet switch architecture that is 
controllable while scaling to over thousand ports is investigated in this paper. Optical 
packet switches with thousand of input/output ports are promising devices to improve 
the performance of short link applications in Data Centers (DCs) or High Performance 
Computers (HPCs) environments. We show that classical switch architectures with a 
centralized control would not meet latency requirements of such applications. We 
present a WDM optical packet switch modular architecture with highly distributed 
control that allows scaling to over thousand ports while providing sub-microsecond 
end-to-end latencies. 

Introduction 
Current DCs consist of tens of thousands of interconnected servers [1], while in recent 
HPCs more than one hundred thousand processor cores are connected each other [2]. 
The extremely high number of needed interconnections and the fast operations that have 
to be provided within these environments lead to the need of interconnects that can 
scale to a large number of ports, while providing very low end-to-end latencies (≤1µs). 
Due to the limited port-count of actual interconnects, the servers in DCs and the 
processors in HPCs are interconnected according to a fat-tree topology. In this scenario, 
Optical Packet Switches (OPSs) that scale to thousands of ports would be of clear 
benefit, proving higher interconnection levels and allowing to interconnect servers (or 
processors) according to a flattened network topology. OPSs can provide higher 
bandwidth and lower end-to-end latencies, but scaling these devices to thousands of 
ports is still an open challenge. Fast OPSs that can handle high bit-rate input/output 
ports have already been presented [3-6], but despite of the decennial research studies in 
this field, OPSs with thousands of input/output ports do not exist. In this work, we focus 
on a promising WDM OPS architecture that features an highly distributed electronic 
control. As we will show, architectures that employ a centralized control would not 
meet the latency requirements while scaling to thousand ports. We investigate the 
performance of the proposed architecture in terms of latency, packet loss and 
throughput by means of network simulations. We show that end-to-end latencies below 
1µs can be obtained in a flow controlled computer communication network, while 
scaling the switch architecture to over thousand ports. We also show that the studied 
architecture can provide relatively high throughput and low packet losses under high-
load operations.   

System under investigation and control issue 
Figure 1 (a) shows a schematic of the system investigated in this paper. The switch 
architecture connects N inputs to N outputs. The nodes at the input, that can be regarded 
as a group of processors in a HPC or a group of servers of a DC, may contain queues in 
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electronic buffers. The switch is assumed to operate transparently in the optical domain, 
no opto-electrical conversions are needed in this device. However, the switch is 
electronically driven by the control. We supposed that the system operates in a 
synchronous mode, thus it operates in discrete time and all the requests of routing have 
to be handled at the same time by the switch control.  
Consider the switch of Figure 1 (a) based on a Beneš architecture. The Beneš 
architecture is a rearrangeable non-blocking architecture in which every input can be 
connected to every output. However, at every time slot the entire switch matrix has to 
be reconfigured in order to connect the inputs with the right outputs. This process plays 
an important role when scaling the switch port-count to over thousand ports. The time 
to configure the connection map in a Beneš switch is port-count dependent and despite 
of multi-processor implementations, it scales at least linearly with the number of 
input/output ports of the switch [7-9]. This means that if the switch has 1000 ports it 
will take 1000 clock-cycles only to compute the new connection map every time slot in 
which the input state of the switch changes. Figure 1 (b) shows a switch with N ports 
based on a Spanke architecture. 

        
                                                      (a)                                                                                                        (b) 

Figure 1: schematic of the system under investigation (a) and NxN switch based on Spanke 
architecture (b). 

The switch of Figure 1 (b) is based on a strictly non-blocking architecture made of  N 
1xN and N Nx1 switches. These basic components can be autonomously controlled 
reducing the configuration time of the entire switching matrix to the time it takes to 
configure a single 1xN and a single Nx1 switch. For this reason the focus of our 
research is on Spanke-type switch architectures. 

Proposed architecture: WDM and contention resolution 
The Spanke architecture of Figure 1 (b) could provide very little latency. 1xN switches 
with 16 and 100 ports that can be controlled in few nanoseconds due to advanced 
labelling techniques and parallel label processors have already been presented [10, 11] . 
However, scaling these devices to over thousand ports is not feasible due to OSNR 
limitations [12]. The use of WDM technique in such devices will allow to scale to a 
large number of ports. The proposed architecture is depicted in Figure 2. 
In the switch of Figure 2 there are N input fibers each of them carrying M wavelength 
channels. The NM logical inputs of the switch are fed into NM autonomously controlled 
1xN switches. The label processors process the labels and drive the switches in order to 
forward the optical packets to the right output in few nanoseconds. Implementations of 
the label processor have already discussed in [13]. Obviously, packets on the same 
wavelength channel coming from different input fibers may contend the same output 
port. To solve these contentions, a modular contention resolution block has been 
implemented at each of the outputs of the switch. The M signals coming from the same 
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input fiber are grouped by a Wavelength Selector (WS) and connected to a Fixed 
Wavelength Converter (FWC). This means that only one packet of the same input fiber 
can be addressed to a single output port per time slot.  The scheduler drives the WS and 
decides which packet has to be delivered. The FWCs convert the packets coming from 
different input fibers using different wavelengths in order to avoid contentions. For 
drawing simplicity, Figure 2 refers to a switch in which N=M, but there are not 
limitations in the number of wavelength channels that can be used in the system. 

   
Figure 2: proposed architecture with contention resolution based on wavelength conversion at its 

output ports. 

Simulation in a computer communication network 
We investigate the performance in terms of latency, packet loss and throughput of the 
proposed architecture in a computer communication network with flow control by 
means of OMNeT++ simulations [14]. With flow control we mean that a packet can be 
considered successfully delivered only when an acknowledgement message is received 
back by the input. We consider a length link of 50 meters and a packet duration of 40 ns 
(considering 6 ns of guard band) and a bit rate of 40 Gb/s on each channel. We assumed 
a Bernoulli arrival pattern at each input with fixed probability (hereafter called load) 
and uniform destinations. Figure 3 (a), (b) and (c) show respectively latency, packet loss 
and throughput of the system of Figure 1 (a) implemented using the WDM OPS of 
Figure 2 and considering an input buffer size of 14 packets. 

     
                                   (a)                                                                  (b)                                                               (c) 

Figure 3: Latency (a), packet loss (b) and throughput (c) of the simulated system in function of 
load for switches based on the proposed architecture with 4, 16, 64, 256, 1024 and 4096 ports.  

Figure 3 (a) shows that the latency increases with the load and it is port-count 
independent for switches with more than 256 input/output ports. It shows also that  sub-
microsecond end-to-end latencies can be achieved regardless the load and the port-
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count. Figure 3 (b) shows that also the packet loss increases with the load and it is 
almost independent of the switch size. It is visible that a buffer size of only 14 packets 
can guarantee no losses for loads lower than 0.3. Finally, Figure 3 (c) shows that the 
throughput of the system increases linearly with the load and is independent of the port-
count until loads around 0.7, then it starts decreasing faster for larger switch sizes. This 
behavior is due to the buffer overflowing. Under high loads operation, many packets 
have to be retransmitted and this phenomenon limits the throughput of the switch. 

Conclusion 
This work shows that OPSs with thousands of ports with a centralized control would not 
meet the latency requirements of applications in DC and HPC environments. We 
propose a promising WDM Spanke-type architecture with contention resolution based 
on wavelength conversion. We show by means of simulations that the proposed 
architecture can provide sub-microsecond end-to-end latency in a computer 
communication network regardless the input load and the port-count. We also show that 
low packet loss and high throughput can be achieved under relatively high load 
operations.   
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